Ageendix N. Air Qualitz Background Information

AIR QUALITY BACKGROUND INFORMATION
Particle Size Terminology

Physcd particle Sze is important to many industrial process operations.  Pollution control and
medica consderations, however, are more easily addressed by considering particle behavior rather than
paticle sze. Two condderations of specid importance to pollution control and medical evauations are
the rate a which particles settle in il air and the extent to which particlesin a moving ar sream will be
removed by inertid impaction if the air stream follows a bent or curved path. Large, dense particles settle
rgpidly and are easily removed from an ar sream by inertid impaction; smdl, low dengty particles settle
very dowly and tend to follow a bent or curved air stream pathway.

Severd particlediameter termsare used to describe particle s ze and aerodynamic behavior. Allen
(1990) providesapartid list of 13 particle diameter definitions, only four of which reflect the actua physica
dimengons of a particle. The other nine definitions refer to the diameters of circles or spheres with the
same perimeter, surface area, volume, or surface-to-volume ratio as the actuad particle or itsimage in a
microscope. Unfortunately, mogt air pollution discussonsrefer only to particleszerangeswithout darifying
which technica definition has been used.

The definitions used or implied most frequently in ambient air quaity discussons are presented
below. A deve diameter is usudly implied when large particles have been mechanicaly sorted into size
categories. Particle Size determinations based on microscopic examination may reflect any of severa
definitions, with the projected areadiameter being acommon definition. Particle Szeinformation provided
by ambient air quaity sampling instruments usudly refers to the aerodynamic equivdent diameter.

Sieve Diameter

The Seve diameter of a particle is the width of the minimum sguare gperture through which the
particle will pass. Because many particles have complex physica shapes, the Seve diameter will often be
larger than the minimum physcd dimendon and smdler than the maximum physca dimenson of the

particle.
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Projected Area Diameter

The projected areadiameter of aparticleisthe diameter of acircle having the same enclosed area
as the outline of the particle (generaly viewed or photographed through a microscope). Two different
projected area diameter definitions are widdly used. One definition is based on particles in a random
orientation. The other is based on particles resting in a Sable orientation.

Equivalent (Volume) Diameter

Because most suspended parti culate matter hasanirregular shape, theequivaent spherica diameter
(generdly referred to as the equivaent diameter) is used as astandardized description of physical particle
dgze. The equivdent diameter is caculated by measuring the volume of a particle and computing the
diameter of a sphere having the same volume.  Some references use the term "volume diameter” instead
of equivaent diameter.

Sedimentation (Stokes) Diameter

The sedimentation (or Stokes) diameter of a particle is based on the termina settling vl ocity of a
particle in4ill ar. The sedimentation diameter isthe diameter of asphere having the same termind settling
veocity and dengity as the particle. Some references use the term "free-fdling diameter” for evauations
based on the termind settling velocity in fluids other than air.

Aerodynamic Equivalent Diameter

The aerodynamic equivaent diameter of aparticle aso isbased on the termina settling velocity of
apatidein dill ar. The aerodynamic equivaent diameter is the diameter of a sphere with a dendty of 1
gramper cubic centimeter that hasthe sametermina settling vel ocity asthe particle. Thus, theaerodynamic
equivdent diameter differs from the sedimentation diameter of a particle whenever thered particlehasa
density other than 1 gram per cubic centimeter. For convenience, the term "aerodynamic equivalent
diameter” is often shortened to aerodynamic diameter.

Quartz Grain Equivalent Diameter

Soil scientists occasionally use the term "equivaent diameter” when discussing particle sizes
associated with wind erosion, but define the term differently than do atmospheric scientists. Theterm used
by soil scientistsislessambiguousif phrased as™quartz grain equivdent diameter”. Soil scientists cdculate
the quartz grain equivaent diameter by multiplying the Seve diameter of a particle by the dengdty of the
suspended particle or particle aggregate and dividing that product by the particle density of quartz (2.65
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grams per cubic centimeter). If particle aggregates are being consdered, the density of the aggregate is
treated as a bulk dengty (including pore spaces within the particle aggregate).

Particle Size Rangesfor TSP and PM ,,

Until the mid-1980s, federal and state particulate matter standards applied to a broad range of
particle Szesand werereferred to astota suspended particulate matter (TSP) sandards. The high-volume
samplers used a TSP monitoring Sations are mogt effective in collecting particles with aerodynamic
diameters smadler than 30-50 microns, dthough larger particles dso are collected (U.S. Environmentd
Protection Agency 1982, Lodge 1989).

Hedlthconcerns associ ated with suspended particlesfocuson those particlessmall enough toreach
the lower respiratory tract (tracheobronchia passages and aveoli in the lungs) when inhded. When
breething occursthrough the nose, few particleswith an aerodynamic diameter larger than 10 micronsreach
the lower respiratory tract. When breathing occurs through the mouth, particles with aerodynamic
diameters aslarge as 20 microns may reach the lower respiratory tract (U.S. Environmental Protection
Agency 1982). Not al particleswith smal aerodynamic diameters reach the lower respiratory tract; some
are removed in the nasa passages, mouth, or upper throat regions.

Both the federd and state air quality standards for particulate matter have been revised to apply
only to "inhdable' particles (generally designated PM,p) with asize distribution weighted toward particles
having aerodynamic diameters of 10 microns or less. The particle size digtribution implied by the PM,
definitionisintended to approximate the size digtribution of particlesthat reach the lower respiratory tract.
The State of Californiaconverted from a TSP standard to aPM,, Standard in 1983; thefederd government
converted from a TSP standard to a PM,, standard in 1987.

It isdifficult to relate the former TSP and current PM,, standards to a precise range of physica
paticeszes. Although the TSP designation does not have any obvious particle size connotations, the use
of the word "totd" in total suspended particulate matter implies 100% collection efficiency over alarge
range of particle szes. Asexplained below, very few particle sizes are sampled with 100% efficiency by
aTSP sampler.

The PM,, designation seemsto imply arather preciseszelimit. Themost widdy quoted definition
of PM, is "particulate matter smdler than 10 microns in (aerodynamic) diameter.” Unfortunately, that
ample definition isincorrect. The only aosolute Sze limit that can be established for PM, is subgtantialy
larger than 10 microns.

The true definitions of TSP and PM,, are derived by considering the equipment used to collect
samples of suspended particulate matter.
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Sampling Criteriafor TSP and PM ,, Collectors

Boththeformer TSP standards and the current PM,, Slandards have been defined primarily by the
type of equipment used to collect suspended particulate matter samples. The sampling equipment
incorporates inlet desgns intended to exclude particles with large aerodynamic diameters. Because
aerodynamic diameters are not an actual physica dimension, perfect screening of particle sizes is
impossible. Some particles outsde the target Size range will be collected and some within the target Sze
range will be excluded.

The performance of TSP and PM,, sampling equipment is characterized by the "aerodynamic
cutpoint diameter” of the collector inlet. The aerodynamic cutpoint diameter isthe aerodynamic diameter
at which the device excludes 50% of the mass of the corresponding ambient particles.

Design criteriafor TSP samplers do not include tight tolerances on the size distribution of collected
particles. Most TSP collectors have rectangular or square inlets with a peaked-roof precipitation shield.
The design of standard TSP sampler inlets causes the cutpoint diameter of a TSP collector to vary with
relative wind direction and wind speed.

No specific aerodynamic cutpoint diameter criteria were specified in the former federal TSP
standards. Most references(e.g., U.S. Environmenta Protection Agency 1982, Lodge 1989) indicate that
TSP collectors have an aerodynamic cutpoint diameter of 30-50 microns under common wind speed
conditions. The limited published literature on TSP collector sampling efficiency (Wedding et d. 1977,
McFarland et d. 1979) impliesamuch broader range of aerodynamic cutpoint diameters (13-67 microns)
depending on wind speed and relative wind direction. According to McFarland et d. (1979), the
aerodynamic cutpoint diameter of TSP collectors decreasesat high wind speedsand increasesat low wind
Speeds.

The high-volume samplers used to monitor compliance with the current PM,, standards have a
narrow aerodynamic cutpoint diameter range of 9.5-10.5 microns. PM,, samplersaso incorporate round
inlet designs that are not sendtive to reative wind direction. In addition, PM;, samplers are much less
sengtive to wind speed than are TSP samplers.

The 10-micron component of the PM,, definition refers to a 50% collection efficiency measure,
not an absolute sizelimit. When operated during wind speeds of 1-15 mph, an acceptable PM,, sampler
mugt collect 45-55% of the mass of particleswith aerodynamic equivaent diameters of 9.5- 10.5 microns.
In addition, the sze-based collection efficiency curve derived for the sampler must pass a test for tota
particle mass collection. When the collection efficiency curve is gpplied to a sandardized particle mass
digribution, the calculated total mass of collected particles must be within 10% of the total mass cal culated
for the "ided" PM ;o sampler collection efficiency curve. The standardized particle mass distribution used
for the mass collection test includes particle sizes ranging from less than 1 micron to 45 microns in
aerodynamic diameter.
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Sampling Efficiency Curvesfor TSP and PM 4, Collectors

Although the aerodynamic cutpoint diameter isuseful asasingle number for characterizing collector
performance, proper understanding of the particle sizes collected by TSP and PM,, samplers requiresa
more complete description of collection efficiencies a various particle Szes.

Few studies have been performed to characterize the effectiveness of TSP samplersin collecting
particles of various Size ranges. Some of the studies that have been performed examined only a limited
range of particlesizes. FigureN-1illugtrates the range of measured and extrapol ated collection efficiencies
for TSP samplers under variable wind speed and direction conditions.

The EPA definition of anided PM o sampler isilludrated in Figure N-2. Anided PM,, sampler
would collect 50% of the particle mass present in the 10- to 10.5-micron aerodynamic diameter Szerange
and would not collect any particleswith aerodynamic diameterslarger than 16 microns. In practice, most
actua PM,, samplers will collect some particles with aerodynamic diameters of 25-30 microns (Purdue
1988, Lippmann 1989). The forma specifications for PM,, samplers imply an absolute aerodynamic
diameter limit of 45-50 microns (40 CFR 53.43).

Figure N-2 includes representative upper and lower size digtribution limits for PM,, sampler
performance. Absolute upper and lower size digtribution limits cannot be defined precisdy because many
different distribution curves can be drawn that meet both the cutpoint diameter and the 10% massvariation
criteria. A sampler that collects 100% of al particleswith aerodynamic diameters smdler than 10 microns
and 0% of dl particles with aerodynamic diameters larger than 10 microns would meet certification
requirements but would not represent an ideal PM,, sampler.

Figure N-3 provides a comparison of collection efficiency curves for typica TSP and PM;,
collectors. The collection efficiency curve for atypica TSP collector reflects varying wind directionsand
wind speeds predominantly in the 5-10 mph range.

HISTORICAL DESCRIPTIONS OF MONO BASIN CONDITIONS

I. C. Russall's Geological Study

Russd| (1984) described thefloor of theMono Valey asad oping plain with sage brush vegetation,
scattered sand dunes, and aseries of ancient beaches. Russdll'sreferenceto "dunesof drifting sand” implies
that at least some of the sand dunes were not stabilized. The eastern shore of Mono Lake near Warm
Springs was described aswindrows of sand, gravel, and larva cases of the brinefly. The sand and gravel
were characterized as volcanic in origin, with fragments of pumice.
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Russ| noted that on windy days Mono Lake was streaked with an alkdine froth. He described
this froth as collecting on the leeward shore in aband "many rods wide and sometimes severa feet thick”
(arodis16.5feet). He described "sheets of thistenaciousfroth” blowing inland through the desert shrubs
"influffy massesthat look like bals of cotton”. When viewed from the surrounding mountains on awindy
day, the fringe of white foam made the outline of the lake "unusudly digtinct”.

Russ| recognized tufa deposits as being a calcium carbonate precipitate formed under water.
However, he failed to identify the factors that produced different physical forms of tufa deposits. He
characterized tufa crags as being composed of three physical forms of tufa (lithoid tufa, thinolite crysds,
and dendritic tufa), all of which are a calcium carbonate deposit. He noted that sands and pumice
fragments along the lake shore were often cemented with an amorphous cacium carbonate deposit he
cdled "sony” tufa He aso observed tufa-cemented sands and gravels in the terraces and beaches of
former shorelines.

Russdl mentions that efflorescent sdts were found in two Stuations. in the exposed cavities of
partidly submerged tufacragsandin cave-likerecessesin dliffsat water'sedge, especialy on Paohaldand.
He characterized the efflorescent sdts as being primarily sodium carbonate and sodium sulfate, in contrast
to the calcium carbonate of tufa deposits. He aso recognized that efflorescent salt deposits form only on
porous substrates exposed to the air as capillary action draws salty water to the surface.

Other Written Accounts

Some other early accounts of Mono Lake make passing referencesto "dkai” deposits. A careful
reading of these accounts revedls that the writers were usudly describing tufa formations and amorphous
tufa depogits, not dkaline sdt depodts. Three examples of such accounts are presented below.

Browne (1961) described Mono Lake asit appeared in the mid-1860s, making severd references
toakdineincrugtationsof cacareousdeposits. Browne described former lakeshore strand linesasfollows:
"On the eastern shore low plains or dluvia bottoms, incrusted with akadi, show indistinct curvicular rims,
composed of calcareous deposits, the gradua retrocession of thelaketoitspresent level.” (Browne 1961,

page 49.)

Browne's drawings of thelake shore clearly show tufatowers. Browne described these lakeshore
deposits asfollows:

The shores of Lake Mono, in the vicinity of the water, have a whitish color, arisng from
the prevalence of ca careous deposits [Browne 1961, page 48] . . .. Thebeachisstrewn
with beautiful specimens of boracic or akaine incrustations. Weeds, twigs, stones, and
even dead birds and animals, are covered by this peculiar coating, and present the
appearance of cord formations. Some specimensthat | picked up are photographicinthe
minuteness and delicacy of their details. . . . It is commonly supposed that these are
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formations of white cord; but there is no doubt that they are produced by the chemical
actionof thewater, which a frequent intervasisforced up through the fissures of the earth
by subterranean heat. Thesespringsare numerous, and probably form around them abase
of cacareous matter, which by constant accretions rises above the surrounding level
[Browne 1961, pages 49-51].

A brief but smilar description of deposits on one of Mono Lake's idands (presumably Pacha
Idand) dates from 1865: "There are to be found, al over these idands, some of the most beautiful
cacareous and dkaline incrustations, which form on the surface of everything that the water of ether the
lake or that emitted from the hot springs happens to come in contact with." (The Mining and Scientific
Press, October 7, 1865, page 210.)

Chase (1911) provided a brief and rather cryptic description of the shore of Mono Lake: "The
shores are whitened with akaline incrustations, and the branches and twigs of dead trees that rise above
the surface are petrified to the semblance of bone." (Chase 1911, pages 308-309.)

A map that accompanies Chase's book indicates that he reached the shore of Mono Lake by
falowing a wagon road aong Rush Creek. Thus, Chase's description is probably a reference to tufa
deposits in the South Tufa or Lee Vining tufa aress.

While dl the writers quoted above use the term dkali or dkaline, none of them make any specific

mention of sdts or sdt deposts. The clear implication from these accounts is that many early observers
used the term dkali as a synonym for any white minera deposit.

SUPPLEMENTAL METEOROLOGICAL AND
AIR QUALITY DATA

LeeVining and Smis Ranch Wind Patterns

Table N-1 summarizes seasonad and annud wind patternsfor Lee Vining according to time of day.
Table N-2 summarizes seasond and annud wind patterns for Simis Ranch according to time of day.
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L ow Concentration PM ,, Events

Figure N-4 shows the monthly pattern of very low PM,, measurements from the Smis Ranch
monitoring station. Figure N-5 shows the monthly pattern of very low PM,, concentrations from the Lee
Vining monitoring Sation.

Observed Relationship between TSP and PM 4
Concentrationsat Mono Lake

Table N-3 presents adetailed summary of the relationship between TSP and PM,, concentrations
at SmisRanch. PM;, concentrations have generaly been 25%-75% of the concurrent TSP concentration.
The average relationship between PM,, and TSP concentrations does not vary sgnificantly from low to
high PM,, concentrations. The range of PM,-to-TSP ratios is greater a low PM,, concentrations than
at high PM,, concentrations. There have been severd instances when measured PM,, concentrations
exceeded measured TSP concentrations.

The wide range of PM-to-TSP ratios may result in part from artifacts of sample handling and
andyss. Thewide range of ratios may aso reflect inherent differencesin sampling effectiveness between
PM,, and TSP samplers. At very low particulate matter concentrations (especialy those composed of
amdl particle szes), PM,, samplers may be more efficient than TSP samplers; thiswould produce some
PM,, concentrations higher than the concurrent TSP concentrations.

Physical and Chemical Analyses of
Particulate Matter Samples

No comprehengve studies of the physica, chemicd, or minerdogica characteritics of erodible
substrates or suspended particulate matter in Mono Basin have been performed. Limited andyses have
been performed on some particulate matter samples (Kusko et a. 1981, Kusko and Cahill 1984, NEA
1990) and afew soil samples(Kusko et d. 1981, Truesdail Laboratories1981). A few soil sampleshave
been andyzed for particle sze digtributions (Truesdail Laboratories 1981). One study of particle sze
digributions by the RJLee Group was available only asasummary document in court proceeding exhibits
(Superior Court of the State of California for the County of El Dorado 1990). None of the chemica or
particle Size andyses have distinguished the mineralogical components of the materid being evauated.

None of the sudies have andyzed particle dengties (pecific gravities) or have clearly described
the procedures used to measure particle size; consequently, the available data are a mixture of seve
diameters, unexplained physica dimension measurements, and aerodynamic equivaent diameter.
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Physical Characteristics

Truesdail Laboratories (1981) analyzed ten soil samples collected from various locations around
Mono Lake. The generd locations at which the samples were collected are indicated. No descriptions
of the soil or sediment conditions a the sampling sites are included in the report. Table N-4 summarizes
the particle 9ze andyss results reported.

Actua suspended particulate matter samples collected by the GBUAPCD have been examined
microscopicaly by the RJLee Group using manua and computer-controlled scanning e ectron microscope
techniques. Mogt of thefilter samplesanayzed by the RJL ee Group were PM ;o samples; onefilter sample
from Simis Ranch and 11 filter samples from the Binderup site were TSP samples. The summary of the
RJ Lee Group results does not describe the procedure used for measuring particle sizes, thus making the
data difficult to interpret.

Chemical Composition

Severd gudies have included chemica analyses of soil samples or suspended particulate matter
samples. All these chemicd andyses, however, have been limited to e ementd anaysesand determinations
of afew magor ion groups (e.g., sulfates, nitrates, or chlorides). None of the studies have attempted to
determine specific chemica compounds or mineraogica components.

Summary of Air Quality Monitoring Data Collected
by the University of California, Davis

Datafrom ar qudity monitoring studies conducted in Mono County by researchers fromthe UC
Davis are summarized in Table N-5. The sampling inlet for monitoring equipment used for this study hed
anomind aerodynamic cutpoint diameter of 15 microns. Stacked filters were used to separate particles
into two size categories. An upper filter dlowed fine particlesto passthrough to abottom filter. The upper
filter provided an aerodynamic cutpoint diameter of 2.5 microns (Cahill et a. 1990). As discussed
previoudy, aerodynamic diameters are not physica dimensons and aerodynamic cutpoint diameters
represent a 50% collection efficiency, not an absolute sze discrimination. For convenience, however,
results from the two filters have been described as representing aerodynamic diameters smaler than 2.5
microns or between 2.5 and 15 microns. Combined results from the two filters provide a nomind PM 5
measurement.
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The nomind aerodynamic cutpoint diameter of the sampler inlet introduces a minor complication
for comparing datato the current PM,, sandards. Theinlet for the stacked filter unit samplersused in the
UC Davis studies have an aerodynamic cutpoint diameter of 15 microns in still air, decreasing to 11
microns at an ambient wind speed of 13.7 mph (Cahill et d. 1990). Asapractica matter, the PM 5 values
reported by Kusko et a. (1981) are probably 25% higher than PM,, vdues. A more important
complication affecting interpretation of the UC Davis datainvolves the duration of sampling.

Asindicatedin TableN-5, monitoring instrumentsoperated continuoudly for 1-week periodsduring
mogt of the study. PM 5 data for multiday periods cannot be directly compared with the current 24-hour
PM,, standards. Nevertheless, weekly average PM 5 values above 40 Fg/m?® suggest the occurrence of
at least one 24-hour episode of PM,, values above 50 Fg/n. Multiday PM,5 data for Lee Vining
exceeded 40 Fg/m? four times during the UC Davis study and were between 35 and 40 Fg/m?® two other
times.

WIND EROSION PROCESSES

Dus Stormsand Sand Storms

Meteorologists use the terms "dust storm” and "sand storm” to describe episodes of windblown
particulate matter that Sgnificantly redtrict vighility. Vighility limits of 0.5-7 miles are used by different
agenciesand authorsin defining dust sorm and sand orm events; avisbility limit of 1 kilometer (0.62 mile)
isused more often than other visibility limits (Orgill and Sehmel 1976, Goudie 1978, World Meteorologica
Organization 1983). Dust storms and sand storms are generdly differentiated by the size range of the
suspended particles. Dust storms are dominated by particles with Seve diameters smdler than 100
microns, sand storms are dominated by particles with sieve diameters larger than 100 microns (World
Meteorologica Organization 1983).

Particulate matter concentrati onsassociated with dust and sand stormsvary substantially depending
on proximity to the source area and the averaging time associated with the concentration measurement.
Chepil and Woodruff (1957) report visibility estimatesand measured dust concentrationsfor 24 dust sorm
events monitored in Kansas and Colorado during 1954 and 1955. The dust concentration measurements
approximate a total suspended materia estimate rather than a TSP or PM;, measurement. Dust storm
eventswithvisibilitiesof 1.3-4.8 mileshad dust concentrationsof 3,180-9,180Fg/n?; eventswithvishilities
of 0.5-1.25 mileshad dust concentrationsof 25,070-95,350Fg/m?. Mogt dust sorm eventswith visibilities
of 0.25-0.5 mile had dust concentrations of 100,000-300,000 Fg/n.

Chepil and Woodruff (1957) report particulate matter concentrations of 1,000,000 Fg/m?® and
1,327,000 Fg/m? for the two largest dust storms monitored in K ansas during 1954; visibilities during these
dust stormswere 265-370feet. Chepil and Woodruff (1957) also report particulate matter concentrations
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of 353,000-583,000 Fg/ for the threelargest dust storms monitored in Colorado during 1955; visibilities
during these dust storms were about 650-1,050 fest.

Cheypil and Woodruff (1957) suggest that visibilities of about 1 kilometer are associated with dust
concentrations of about 56,000 Fg/m?. Orgill and Sehme (1976) suggest that visibility reductionsto about
7 miles are associated with dust concentrations of 3,000-5,000 Fg/n'.

Meteorological conditions producing strong winds or significant verticd turbulence have the
potentia for producing dust sorms of various Szes and duraions. Westher conditionsthat typicaly have
relatively short durationsincludevarious convective systems, such assquall linesand decaying thunderstorm
cdls. Windy conditions associated with the passage of warm and cold fronts have a somewhat variable
duration. Strong mountain katabatic (downdope) wind conditions (e.g., Chinook and Santa Anawinds)
aso have somewhat variable durations. Windy conditions associated with strong regional pressure
gradients sometimes persist for afew days.

General Mechanism of Wind Erosion

At agenerd leve, wind erosion represents atransfer of energy from moving air to sediment and
s0il particles at the ground surface. At the scde of individud particles, wind erosion isthe result of severd
interacting forces, some of which induce particle movement and othersthat resist particle movement. Lift,
shear, and bdligtic impact forces induce particle movement, and gravity, friction, and coheson among
particlesresst movement. (Theterm "shear” as used in discussons of wind erosion processesis different
from the term "wind shear" used to describe rapid changes in wind direction and velocity over short
horizontd distances.)

Lift represents a difference in pressure between the top and bottom of a particle; shear represents
a difference in pressure between the upwind and downwind sides of a particle. Lift represents forces
producing vertical movement; shear represents forces producing horizontal movement. Together, lift and
shear forces extract a particle from the ground surface and transport it downwind. Gravity and cohesion
among particles ress lift forces while friction and cohesion among particles resst shear forces.

The pressure differences that generatelift forces are caused by vertica differencesinwind velocity
and by verticd turbulence in wind flow conditions. Friction at the ground surface causes wind speeds to
be lower near the ground than &t greeter heights above the ground. Thevertical changesinwind speed are
asociated with verticd changesin air pressure. Air moving a a higher velocity exerts a lower pressure
than ar moving a alow velocity. Smal-scale vertica turbulence aso produces temporary fluctuationsin
pressure that generate lift forces.
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A very thin nonturbulent layer of ar dways exists immediately next to the ground surface. This
layer, often cdled the laminar layer, isessentialy azone of cam air; itsthickness depends on the roughness
of theground surface. Horizontal shear forcesonly affect objectsthat extend above or arelifted abovethis
laminar layer. Rough surfaces and minor irregularities in smooth surfaces often result in some surface
particlesbeing perched partidly or completely abovethelaminar layer. Sand-szed particlesare oftenlarge
enough to project into the turbulent wind flow zone above the laminar layer.

Three types of particle movement occur during wind erosion: surface creep, sdtation, and
suspension. Initid particle movement is generdly by sdtation. Sdtation isabouncing movement inwhich
particlesof moderatesze arelofted dightly into theair and carried ashort distance downwind beforefaling
back to the ground. The impact of sdtating particles hdps initiate the saltation, surface creep (arolling or
diding movement aong the ground surface), or suspension movement of other particles. Surface cregp and
sdtation are the dominant movement processes for large particles.  Suspension is important for small
particles. Wind erosion of most soilsis dominated by sdtation and surface creep.

Factors Affecting Erodibility of Sedimentsand Soils

Actua wind eroson rates are determined by a combination of wind conditions and the physica
condition of the soil or sediment surface. The verticd profile of wind speeds and the extent of verticd
turbulence are key wind components. The directiona persistence of strong winds is aso a factor,
especidly for surface creep and sdtation processes. The most important aspects related to the soil or
sediment surface include:

surface moisture conditions,

the extent of nonerodible surface materid,

the extent of particle aggregation in the erodible materid, and
the Size of the exposed area.

T HHEHR

Wet or frozen surfaces are essentialy immune to wind erosion. Chepil and Woodruff (1963)
determined that surface moisture levels above the permanent wilting point (15 atmospheres suction)
effectivdy protect soil surfaces from wind eroson. Shikula (1981) examined the effect of atmospheric
moigtiure levels on the threshold wind speed associated with dust storm eventsin Ukraine. Atmospheric
moisiurelevel swere characterized asamoisture deficit (the difference between actual water vapor pressure
and the saturation vapor pressure level). A strong correlation was found between threshold wind speeds
for initiating dust sorms and moisture deficit levels. The threshold wind speed averaged 12.1 mph a a
moisture deficit of 35 millibars, 19.9 mph a amoisture deficit of 25 millibars, 27.7 mph at amoisture deficit
of 15 millibars, and 35.6 mph a amoisture deficit of 5 millibars.

The presence of nonerodible surface materid (e.g., rocks, vegetation, or chemicaly cemented
sediments) normally reduces the potentia for wind erosion by reducing wind speeds near the ground and
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blocking surface cregp and sdtation movements. However, very sparse coverage by nonerodible materia
may sometimes induce smdl-scae ar turbulence that enhances the erosion of fine surface sediments by

suspension.

Particle aggregation in erodible materia can have complicated effects. The aggregates may result
in surface characterigtics that raise portions of the soil or sediment above the laminar layer. The sze and
dengity of the aggregateswill dso affect the minimum wind vel ocity necessary to initiate particle movement.
Sdtation, baligtic impact, and airborne collisions among aggregates often break the aggregates gpart into
particles smal enough to be carried in suspension as opposed to sdtation or surface creep.

The sizeand dimensionsof areas susceptibleto wind erosion a so have someeffect onwind erosion
rates. These sze factors are most important for surface creep and sdtation processes and are less
important for particle removd by suspension transport.

SALT DEPOSIT MINERALOGY

Theminerdogy of sdt deposit formationshasbeen studied at severd |ocationsused for commercia
extraction of various sdts. Study results at one location can be extrapolated to other locations only if
enough dmilarities exis among key sdt chemidtry factors. It is important to distinguish between st
deposits dominated by chlorides and those dominated by carbonates, bicarbonates, and sulfates. If
chemicd amilarities are sufficient in thisrespect, more refined chemicd smilaritiesand differencesmust be
consdered. Itisgenerdly necessary to distinguish between cacium and sodium sdts; differences in the
relative amounts of potassum and lithium salts may aso be important.

Differences between Owens L ake and Mono L ake Salt Deposits

Studiesconducted at OwensLake (Alderman 1985, Saint-Amand et a. 1986, Smithand Friedman
1986, Smith et a. 1987) have been especidly useful inidentifying processesthat probably operateat Mono
Lake. Mono Lake and Owens Lake are exposed to the same generd climatic conditions, and both lakes
were sodium-dominated with high carbonate and sulfate concentrations when sdt deposits began to form.
Evauaion of studies from Owens Lake, however, must recognize some important differences between
these locations.

One difference isthat the sdt deposts at Owens Lake have been formed on a playa while those
at Mono Lake have formed on sediments above apermanent lake. A playais most accurately defined as
the flat, generdly dry, mostly barren, largdly gravel-free floor of an interiorly drained topographic basin;
portions of aplayamay be subject to dternating periods of inundation and evaporative drying (Motts 1970,
1972; see dso Academic Press Dictionary of Science and Technology 1992, Levin 1986, Bates and
Jackson 1984). Surface subgtrates of playas are generdly clays, silts, sands, or sdt deposits.
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The topographic distinction between a playaand alakeshore hel ps explain an important difference
between salt deposits at Owens Lake and those in Mono Basin.  Sdlt deposits at these two locations
formed in different hydrologic settings. The sdt deposits at Owens Lake were formed primarily as
underwater precipitates. The sdt depositsat Mono Lake have formed as surface evaporative depositsin
contact with air.

An underwater environment for sdt formation will differ in severd respects from aground surface
environment. Four considerationsare especidly relevant to comparisons between OwensLake and Mono
Badn:

# the range of temperatures to which the deposited sat mineras are exposed and the rate at
which the temperature changes &fter initid sdt formation;

# theamount of carbon dioxide available during and after initid sdt formation;
# theamount of water avallable for minerd trandformations after initid sat formation; and
# thepotentid for spatiad separation of sequentidly precipitated sdts.

The precise mineradogy of carbonate and sulfate sdtsis highly senstive to temperature conditions;
chloride sdts, however, show little temperature sengtivity. Many carbonate and sulfate salts also undergo
temperature-dependent transformationsafter theinitia sdtsprecipitate. Sdtsprecipitated inan underwater
environment will experienceamore narrow range of temperaturesand ad ower rate of temperature change
than will sdlts precipitated at the ground surface.

The mineralogy of carbonate and bicarbonate sdtsis sendtive to the amount of dissolved carbon
dioxide present in the water from which the sdts precipitate. Many carbonate and bicarbonate sats also
exhibit carbon dioxide-dependent minera transformations. Dissolved carbon dioxide concentrations may
be more variable and canreach higher concentrationsin an underwater environment than weter in the pore
gpaces of a surface soil or sediment.

Many carbonate and sulfate salts undergo hydration and dehydration reactions. Some hydration
reactions involve amounts of weater available only in an underwater environment. Hydration of burkeite,
for example, can require 10-20 molecules of water for each molecule of sdt.

Underwater precipitation of sdt bedstypically resultsin horizontd and vertica zonation of different
st minerds, asthe different sdts preci pitate in sequence asthey reach saturation concentrationsin thelake
water. The dow rate of temperature change in alarge body of water enhances this effect. The physicd
dimengons of the capillary film of water producing surface evaporative st deposits preclude such spatia
zonation patterns in surface evaporite deposits.  Spatid zonation of different minerds in a surface
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evaporative sat deposit would indicate amoving zone of evaporation, probably accompanied by changes
in sdinities and dissolved minera content of the evaporating water.

The pressure to which the sat minerds are exposed is a fifth potential factor differentiating
underwater and surface st formation. Pressureis probably reevant only for deep sdinelakes or marine
conditions. The literature reviewed by SWRCB consultants does not suggest that air and water pressure
condderations are important for comparisons of Owens Lake and Mono Basin.

Salt Minerals|dentified at Owens Lake

Smith and Friedman (1986), Saint-Amand et d. (1986), and Smith et d. (1987) have noted that
many of the carbonate and sulfate sdts present in the Owens Lake sdt deposits undergo rapid
transformations and phase changes in response to changes in temperature, humidity, and carbon dioxide
concentrations. Asaresult, themineral composition of sat samples(particularly those collected during cool
periods) will change sgnificantly before the samples can be analyzed in alaboratory. Laboratory anayses
oftendetect only the products of minera transformations and not the minerasthat were present inthefield.
The researchers noted above have used a variety of techniquesto estimate the minerdogy of salt deposits
presently found at OwensLake. Many of the salt minerals believed to be present at OwensLakeaso can
be expected to occur in the evaporative sat deposits found at Mono Lake.

The mgor sat mineras expected to be present in the surface layer of the Owens Lake sdt deposit
during different seasons can be categorized into four chemical groups asfollows:

# Sodium carbonates:
- natron (a decahydrate),
- thermonatrite (a monohydrate),
- sodium carbonate heptahydrate,
- sodium carbonate dihydrate, and
- anhydrous sodium carbonate (a noncrystaline salt).

# Sodium carbonate-bicarbonate double sdts;
- trona(adihydrate).

# Sodium sulfates:
- mirabilite (adecahydrate),
- thenardite (a crygaline anhydrous t),
- sodium sulfate heptahydrate, and
- anhydrous sodium sulfate (a noncrysaline st).
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# Hdides
- hdite (rock sat).

All these sdlts are probably present in the salt deposits at Mono Lake during some seasons.

Severa additiona sat minerdsareknown to occur in the Owens Lake salt deposits but may occur
only in the deeper consolidated layers of the depodts. It is uncertain whether the following sdts occur in
the surface layers of the Owens Lake salt deposits or in the Mono Lake salt deposits:

# Sodium bicarbonates:
- nahcalite (a crystdline anhydrous dt).

# Sodium carbonate-sodium sulfate double salts:
- burkete (a crygdline anhydrous sdt).

# Sodium carbonate-calcium carbonate double sdts:
- pirssonite (adihydrate),
- gaylussite (apentahydrate), and
- dhortite (a crystaline anhydrous sdlt).

According to Saint-Amand et a. (1986), nahcolite formation may be prevented in a surface
evaporative sat depost by low carbon dioxide concentrations. Burkeiteisatemperature-sengitive st that
formsonly at temperatures above 57°F; trona and mirabilite or thenardite formation may bemorelikely in
surface evaporative deposits.

Asindicated above, most of the mgjor salts expected in surface evaporative depositsare hydrated.
Hydrated sdts include water molecules chemicdly bound to the sdt molecule. A monohydrate has one
water molecule bound to each sat molecule, a dihydrate has two water molecules bound to each salt
molecule, a pentahydrate has five water molecules bound to each sat molecule, a heptahydrate has seven
water molecules bound to each salt molecule, and a decahydrate has ten water molecules bound to each
sdt molecule. Anhydrous sdts do not contain any chemicaly bound water molecules.

The amount of water contained in hydrated salts can be substantiadl. Natron is dmost 63% water

by weight; mirabiliteisamost 56% water by weight. The hydration and dehydration reactionsof carbonate
and sulfate sAts are largdly respongble for variations in the susceptibility of sdt depositsto wind eroson.

Salt Deposit Formation Processes

The minerdogy of asdt deposit is determined by the interaction of severd factors: sdt formation
temperature, effectsof moisture addition, dehydration reactions, and phase changesinduced by salt deposit
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temperature changes. Although the salt deposits at Owens Lake and Mono Lake haveformed in different
ways, ongoing sdt formation processes at the surface of the Owens Lake salt deposit provide ingght into
the evaporative sdt depodits a Mono Lake. The following discusson is based largely on the process
described by Saint-Amand et d. (1986) for Owens Lake but seems to be a reasonable estimate of the
process occurring at Mono Lake.

Initial Salt Precipitation

The salts formed when sdine water evaporates at the soil surface depend primarily on the
temperature of the saline groundwater when saturation concentrations are reached for different sdts. The
saturation concentrations for sodium carbonate and sodium sulfate sdts depend strongly on temperature;
the saturation concentration for sodium chloride changes only dowly with temperature. Thus, sodium
chloride can precipitate as hdite at any temperature while the minerdogy of carbonate and sulfate sdts
varies a different temperatures.

At temperatures below 50°F, carbonate sdts crystdlize as natron and sulfate sdts crysdlize as
mirgbilite. At temperatures of 50-65°F, carbonates precipitate astronaand sulfates continueto precipitate
as mirabilite. At temperatures above 65°F, carbonates continue to precipitate as trona and sulfates
precipitate as thenardite. As noted above, hdite can precipitate at any temperature if the sat solution
reaches saturation conditions.

Natron and mirabilite are heavily hydrated sdlts that can precipitate a cool temperatures from
relatively dilute sdt solutions. Because these sdlts are heavily hydrated, their formation rapidly removes
water from the solution, increasing its sdinity and causing precipitation of more sdts. The amount of water
removed from the salt solution by formation of hydrated sats may exceed the amount of water lost through
surface evaporation.

Moisture Addition Effects

If sufficient water becomes available from precipitation or surface flooding, the sdt depost will
dissolve and anew cycle of st depostion will begin. A dight rainfdl will result in formation of hydrated
sdts a any season if the temperature fals below the dehydration temperature of the sats. Similarly,
moisture available from dehydrating sats (see below) may dissolve some sdts or dlow others to become
hydrated. Moisture and temperature effects can be linked as aresult of evaporative cooling.

Dehydration Effects

Aslong as natron and mirabilite remain cool and damp, they remain stable. Once permittedtodry,
natron and mirabilite quickly dehydrate to amorphous, noncrystalline powders. Natron dehydrates to
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anhydrous sodium carbonate and mirabilite dehydrates to anhydrous sodium sulfate. The process can be
hastened by osmoatic transfer of water of hydration to hdite.

During cool wegther, crystals of mirabilite or natron can form on awet subgrate following aran
and then dehydrate in cool dry air to an amorphous powder. Mirabilite (a sulfate sdt) is especidly prone
to this process, as mirabilite crystalization occurs a temperatures that are too warm to alow natrite (a
carbonate sdt) to form.

The dehydration of natron and mirabilite haveimportant effects on the physical condition of the st
deposit. Dehydration converts crysdline sdts to noncryddline powders. Equaly important are the
sgnificant volume changes that occur with dehydration (or rehydration) reactions.

Dehydration of natron to anhydrous sodium carbonate is accompanied by a volume reduction of
79%. Dehydration of mirabilite to anhydrous sodium sulfate is accompanied by a volume reduction of
76%. Rehydration of sodium carbonate to natron results in avolume increase of 375%. Rehydration of
sodium sulfate to mirabilite resultsin a volume increase of 315%. These volume changes can disrupt the
cohesionof acemented st crust even when natron and mirabiliteare only modest componentsof thecrust.

Temper ature Change Effects

I naddition to the dehydration reactions discussed above, carbonate and sulfate saltsundergo other
temperature-dependent transformations. The precise transformations depend on a combination of
temperature, moisture availahility, and carbon dioxide availability.

The smplest transformations seem to involve the sulfate sdts. Astemperaturesincrease, mirabilite
dehydrates to anhydrous sodium sulfate if exposed to dry air. Any mirabilite present in degper portions
of asdt deposit releasesitswater of hydration and redissolves. The redissolved sulfate salt can precipitate
later as elther thenardite or mirabilite, depending on temperature.  Although the literature reviewed is
unclear, it seemsto suggest that other polyhydrate sodium sulfate salts undergo comparable reactions.

Astemperaturesincrease, natron dehydrates to anhydrous sodium carbonateif exposed to dry air.
Natron present in deeper portions of a sat depost will generdly transform into trona. If sat deposit
temperatures rise to extremely high levels, trona decompaoses to thermonatrite. On cooling, thermonétrite
can transform back into trona if some moisture is available. At cool temperatures and with adequate
moisture available, trona can convert back into natron.
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Factors Affecting the Erodibility of Salt Deposits

The erodibility of sdt depositsis affected by conditions and factors common to other substrates:
surface moisture conditions, wind speeds above the threshold wind velocity for various sat depost
conditions, the size of the exposed area, and the presence of sdtating particles that can dorade any sdt
crust. A factor of specid relevance to sdt depositsis the physical structure of the deposit. Unlike most
sediment types, the physica structure of a sdt deposit can change on daily and seasona cycles.

The physicd structure of asdt deposit is determined largdly by the minerdogy of the saltsforming
the deposit. Asdiscussed above, the mineralogy of asat deposit isdetermined by theinteraction of severd
factors. sdt formation temperature, effects of moisture addition, dehydration reactions, and minera
transformations induced by temperature changes.

SAt depogtsdominated by hdite haveahard, crystdline, cemented texture highly resistant to wind
eroson. Dust sorms are rare from salt crusts formed primarily from halite (Saint-Amand et d. 1986).

At deposits dominated by carbonate or sulfate sdts can have avariety of textures, most of which
aremoresubject towind eros on than depositsdominated by hdite. Depositsdominated by crystdlinesdts
withlow degreesof hydration (e.g., trona, thermonatite, and thenardite) present ahard, cemented crust that
ressts wind erosion. Deposits dominated by sdts with a higher degree of hydration (e.g., trona and
mirabilite) will have awesker crust more susceptible to wind eroson. Deposits dominated by natron and
mirabilite will be protected from sgnificant wind eroson by their high moisture content rather than by a
well-cemented crust but can eadily transform into a powdery deposit of noncrystaline anhydrous sdts.
Deposits of anhydrous sodium carbonate and sodium sulfate have little resistance to wind erosion.
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